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1
METHOD OF PRODUCING PIEZOELECTRIC
DEVICE USING BE, FE AND CO UNDER
EXCESS OXYGEN ATMOSPHERE

RELATED APPLICATIONS

The present application is a divisional of A.N. 12/721,131,
filed Mar. 10, 2010. The present application claims benefit of
that application under 35 U.S.C. §120, and claims priority
benefit under 35 U.S.C. §119 of Japanese Patent Application
No. 2009-060269, filed Mar. 12, 2009. The entire contents of
each of the mentioned prior applications are incorporated
herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a piezoelectric material, a
piezoelectric device, and a method of producing the piezo-
electric device, in particular, a lead-free piezoelectric device
whose insulation property is improved by the promotion of
crystallization under an excess oxygen atmosphere.

2. Description of the Related Art

A piezoelectric device is typically formed of a lower elec-
trode and an upper electrode, and a bulk-shaped or film-
shaped piezoelectric material interposed between those elec-
trodes. As a piezoelectric material, lead-based ceramics such
as lead zirconate titanate having a perovskite-type structure
(hereinafter, referred to as “PZT”) is generally used.

However, PZT contains lead at an A-site of a perovskite
skeleton. Therefore, an effect of the lead component on the
environment is considered to be a problem. In order to
respond to this problem, a piezoelectric material using a
lead-free perovskite-type metal oxide has been proposed.

As atypical lead-free piezoelectric material, there is exem-
plified BiFeO; (hereinafter referred to as “BFO”) which is a
perovskite-type metal oxide.

For example, Japanese Patent Application Laid-Open No.
2007-287739 discloses a BFO-based material containing lan-
thanum at its A-site. BFO is a good ferroelectrics, and it has
been reported that the amount of remanent polarization of
BFO measured at a low temperature is high, and thus is
expected to have good properties as a piezoelectric material.
However, there is a problem in that a voltage to be applied to
BFO for producing piezoelectric distortion cannot be
increased owing to low insulation property of BFO under a
room-temperature environment.

Inview of the foregoing, Japanese Patent Application Laid-
Open No. 2007-221066 proposes a method of suppressing an
increase in leak current, the method involving substituting
iron as the B-site element of BFO with manganese to improve
the insulation property. However, BFO whose iron atoms are
partially substituted with manganese involves the problem in
that a piezoelectric constant reduces.

Japanese Patent Application Laid-Open No. 2005-011931
discloses an approach to substituting the B site of BFO with
Co at a ratio of 1 to 10% as an attempt to improving the
ferroelectric property of a memory device using BFO. In a
conventional method of producing a BFO thin film, however,
the amount of undesired phases (hereinafter, referred to as
“secondary phase”) which are not of perovskite-type struc-
tures increases as substitution with Co progresses. Accord-
ingly, a problem, i.e., a reduction in insulation property arises.

The present invention has been made with a view to cope
with such problems, and an object of the present invention is
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to provide a piezoelectric material whose insulation property
is improved while its performance as a piezoelectric material
is not impaired.

Another object of the present invention is to provide a
piezoelectric device using the piezoelectric material and a
method of producing the piezoelectric device.

SUMMARY OF THE INVENTION

A piezoelectric material for solving the above problems is
a piezoelectric material including a perovskite-type metal
oxide represented by the following general formula (1):

Bi,(Fe;,Co,)O3 (€8]

where 0.95=x<1.25 and 0<y=<0.30 in which a root mean
square roughness Rq (nm) of a surface of the piezoelectric
material satisfies a relationship of 0<Rq=25y+2 where
0=y=0.30.

In addition a method of producing a piezoelectric device
for solving the above problems is a method of producing a
piezoelectric device having, on a substrate, a piezoelectric
material and a pair of electrodes provided to contact the
piezoelectric material, the method including:

forming a piezoelectric material formed of a perovskite-
type metal oxide represented by the following general for-
mula (1):

Bi,(Fe,,Co,)0;

where 0.95=x=1.25 and 0=<y=0.30; and

crystallizing the piezoelectric material at 430° C. or lower
under an excess oxygen atmosphere.

According to the present invention, there can be provided a
piezoelectric material whose insulation property is improved
while its performance as a piezoelectric material is not
impaired.

In addition, according to the present invention, there can be
provided a piezoelectric device using the piezoelectric mate-
rial and a method of producing the piezoelectric device.

Further, the piezoelectric material of the present invention
has no influence on an environment because the material does
not use lead. In addition, the material is advantageous in terms
of durability when driven as a piezoelectric device because
the material does not use any alkali metal.

Further features of the present invention will become
apparent from the following description of exemplary
embodiments with reference to the attached drawings.

M

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic longitudinal sectional view illustrat-
ing an example of an embodiment of a piezoelectric device of
the present invention.

FIG. 2 is a graph illustrating the P-E hysteresis curves of
piezoelectric devices produced in examples of the present
invention.

DESCRIPTION OF THE EMBODIMENTS

Hereinafter, an embodiment of the present invention is
described in detail. A bismuth ferrite thin film (hereinafter
referred to as “BFO thin film”) or bismuth ferrite cobaltate
thin film (hereinafter referred to as “BFCO thin film”) excel-
lent in insulation property is described as the embodiment.

A piezoelectric material according to the present invention
is a piezoelectric material formed of a perovskite-type metal
oxide represented by the following general formula (1):

Bi,(Fe,,Co,)0; (€8]
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(In the formula, 0.95<x=1.25 and 0<y=0.30). The piezoelec-
tric material is characterized in that the root mean square
roughness Rq (nm) of the surface of the piezoelectric material
satisfies a relationship of 0<Rq=25y+2 (0=y=0.30). That is,
the piezoelectric material of the present invention expresses a
high insulation property when its surface is smooth. An upper
limit for the surface roughness with which the insulation
property can be maintained is determined by a function of 'y
representing the composition amount of Co.

The metal oxide having a perovskite-type structure is gen-
erally represented by a chemical formula “ABO;”. The ele-
ments A and B in the perovskite-type metal oxide each act in
the form of an ion to occupy a specific position of a unit cell
called an A-site or a B-site. In the case of, for example, a unit
cell of a cubic crystal system, the element A is positioned at a
vertex of a cube, and the element B is positioned at the body
center of the cube. The O elements act as oxygen anions to
occupy face-centered positions.

In the general formula (1), Bi is a metal element positioned
mainly at the A site, and iron and cobalt are each an element
positioned mainly at the B site.

In the general formula (1), x representing the abundance of
Bi satisfies a relationship of 0.95=x<1.25 or preferably
0.98=x=<1.15. When x is smaller than 0.95, the insufficiency
of Bi causes a defective site, thereby adversely affecting the
insulation property. In contrast, when x is larger than 1.25, an
excessive amount of bismuth oxide is precipitated at a crystal
grain boundary, which may cause a current leak at the time of
the application of a high voltage.

In the general formula (1), y representing the abundances
of Fe and Co satisfies a relationship of 0<y=<0.30. When y
equals 0, the general formula (1) means a BFO thin film. One
piezoelectric material provided by the present invention is a
BFO thin film excellent in insulation property.

When y takes a positive value, the general formula (1)
means a BFCO thin film. The present invention provides a
BFCO thin film excellent in insulation property as well.

A BFCO thin film in which y further satisfies a relationship
010.10=y=0.30 can be expected to show a larger piezoelectric
property than that of a BFO thin film because of the size effect
of Co on Fe at the B site. It should be noted that, when y
exceeds 0.3, the piezoelectric property and the insulation
property may be lost because the solid dissolution of Co in a
perovskite skeleton becomes difficult.

Value of x andy in the piezoelectric material of the present
invention can be identified by an elemental analysis approach
such as energy dispersive X-ray spectroscopy (EDX), X-ray
fluorescence analysis (XRF), or ICP spectrometry.

The piezoelectric material of the present invention may be
doped with a trace amount of an element except Bi, Fe, and Co
as long as neither its piezoelectric property nor its insulation
property is impaired. Specific examples of the element that
can be used as a dopant when the doping is performed include
elements such as Ca, Sr, Ba, Sn, La, Th,Y, Sm, Ce, Ti, Sb, Nb,
Ta, W, Mo, Cr, Ni, Cu, Si, Ge, Sc, Mg, Mn, and Zr. The doping
amount of the element is 0.05 or less in terms of an atomic
fraction with respect to the total number of atoms of the metal
elements in the general formula (1).

Further, the piezoelectric material of the present invention
has a thickness of preferably 60 nm or more to 1000 nm or
less, or more preferably 60 nm or more to 500 nm or less.
When the shape of the thin film is not flat and hence the
thickness cannot be determined to be a single value, the
average of thicknesses between two electrodes has only to be
set to fall within the above range. When the thickness of the
piezoelectric material of the present invention is set to 60 nm
ormore, a distortion amount needed for a piezoelectric device
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can be obtained. In addition, when the thickness is set to 1000
nm or less, an increase in density upon production of the
device can be expected. In addition, the above thickness range
exerts an enlarged synergistic effect with a surface roughness
range to be described later.

It should be noted that the “thin film” in the specification
may be of such a form as to cover one surface of a substrate,
or may be of such a form that the molecules of the piezoelec-
tric material independently agglomerate in a foil fashion.

The root mean square roughness Rq (nm) of the surface of
the piezoelectric material according to the present invention
is characterized by satisfying the relationship of
0<Rq=25y+2 (0=<y=0.30).

The “root mean square roughness Rq” in the present inven-
tion refers to one described in JIS Standard B0601 (revised
edition 0f2001) and is represented by the following equation:

Rg =] ;ﬂzz(x)dx

where 1 represents a reference length, x represents a coordi-
nate representing an arbitrary position, and Z(x) represents
the height of a roughness curve at the coordinate x.

A method of deriving the Rq is not limited as long as the
method is in conformance with the standard. For example, a
method involving calculating the Rq from the height differ-
ence of the surface of the thin film scanned with an atomic
force microscope (AFM) is generally adopted.

When the surface of the piezoelectric material is covered
with a member such as an electrode, a root mean square height
Pq of a sectional curve obtained from the sectional shape of
the surface of the film may be used instead.

Inthe present invention, a state where the Rq of the surface
of the thin film is 25y+2 or less means that the composition
and fine structure of the resultant piezoelectric material are
uniform irrespective of a place. Such uniform structure may
be responsible for an improvement in insulation property of
the piezoelectric material. As the amount of the Co compo-
nent increases, the size of a crystal grain of the BFCO itself
increases, and hence an allowable Rq increases.

When the Rq is 25y+2 or less, the piezoelectric material of
the present invention has a sufficient insulation property. The
Rq is preferably as small as possible, for example, 20y+2 or
less because a higher insulation property can be expected.

The Rq necessarily takes a positive value because a crystal
grain in the piezoelectric material of the present invention
cannot be completely flat.

Further, the piezoelectric material of the present invention
is preferably oriented toward a (100) plane or a (111) plane.
When the piezoelectric material is oriented toward the (100)
plane or the (111) plane, a piezoelectric deformation amount
when the piezoelectric material is turned into a piezoelectric
device increases because the direction of a polarization
moment is aligned with the strain direction of the piezoelec-
tric material.

The orientation state of the piezoelectric material can be
easily identified from the angle at which a diffraction peak in
X-ray diffractometry (such as a 20/60 method) generally
employed for a crystalline thin film is detected and the inten-
sity of the peak. For example, in a diffraction chart obtained
from a piezoelectric material where the (100) plane or (111)
plane is oriented in its thickness direction in the present
invention, the intensity of a diffraction peak detected at an
angle corresponding to the (100) plane or (111) plane is
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extremely large as compared to the total of the intensities of
peaks detected at angles corresponding to the other surfaces.

Next, a piezoelectric device of the present invention is
described.

The piezoelectric device according to the present invention
is a piezoelectric device having, on a substrate, a piezoelectric
material and a pair of electrodes provided so as to contact the
piezoelectric material, the device being characterized in that
the piezoelectric material is the above-mentioned piezoelec-
tric material.

FIG. 1 is a longitudinal schematic sectional view illustrat-
ing an example of an embodiment of the piezoelectric device
according to the present invention. The structure of the piezo-
electric device is the same as that of conventional devices. In
the figure, a substrate is represented by reference numeral 1,
a lower electrode is represented by reference numeral 2, the
piezoelectric material of the present invention is represented
by reference numeral 3, and an upper electrode is represented
by reference numeral 4.

Although there is no particular limit to a material for the
substrate 1, a material that is not deformed or melted during a
sintering step conducted usually at 600° C. or less is pre-
ferred. For example, a single crystal substrate made of mag-
nesium oxide (MgO), strontium titanate (SrTiOs;), or the like,
a ceramic substrate made of zirconia (ZrO,), alumina
(AL, 0y,), silica (S10,), or the like, a semiconductor substrate
made of silicon (Si), tungsten (W), or the like, or a heat-
resistant stainless (SUS) substrate is preferably used. Mul-
tiple kinds of those materials may be combined or those
materials may be stacked to form a multi-layer structure.

Of the materials for substrate 1 described above, most
preferable one is a single crystal substrate of strontium titan-
ate. When strontium titanate, which is a perovskite-type metal
oxide, is used for the substrate 1, crystallinity of the piezo-
electric material 3 made of the same perovskite-type metal
oxide increases and piezoelectric property and driving dura-
bility of the piezoelectric device is improved.

One of a conductive metal and a conductive metal oxide
may be doped in a substrate or stacked on the surface of a
substrate for the purpose of allowing one of the conductive
metal and the conductive metal oxide to additionally function
as one of the electrodes of the piezoelectric device. For
example, when the substrate made of strontium titanate is
doped with Niobium (Nb) or Lanthanum (La), conductivity
ofthe substrate increases. As aresult, the substrate also serves
as an electrode.

The substrate used in the piezoelectric device of the present
invention is preferably a single crystal substrate oriented
toward a (100) plane or a (111) plane out of those substrates.

The use of a single crystal substrate oriented toward a
specific plane can strongly orient the piezoelectric material
provided for the surface of the substrate in the same azimuth.
When the piezoelectric material is oriented toward the (100)
plane or the (111) plane, the improvement of a piezoelectric
effect can be expected because a polarization moment is
aligned with the direction perpendicular to the film.

The lower electrode 2 and the upper electrode 4 are each
formed of a conductive layer having a thickness of about 5 to
2,000 nm. A material for each of the electrodes is not particu-
larly limited, and a material used in a piezoelectric device in
ordinary cases suffices. Examples of the material include
metals such as Ti, Pt, Ta, Ir, Sr, In, Sn, Au, Al, Fe, Cr, and Ni,
and oxides of those metals. Each of the lower electrode 2 and
the upper electrode 4 may be formed of one of them, or may
be formed by laminating two or more kinds of them.
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Further, at least one of the lower electrode 2 and the upper
electrode 4 is preferably formed of M1RuO; (M1 represents
at least one selected from the group consisting of Sr, Ba, and
Ca).

The M1RuO, is each a conductive oxide having a perovs-
kite-type structure. When those oxides are applied to the
lower electrode 2 or the upper electrode 4, the consistency of
crystal lattices at a contact interface with the piezoelectric
material 3 is improved, and hence improvements in piezo-
electric property and driving durability of the piezoelectric
device can be expected.

In particular, when the lower electrode 2 is formed of the
conductive oxide, the electrode serves to promote the crys-
tallization of the piezoelectric material 3 into a perovskite-
type structure, and hence improvements in insulation prop-
erty and piezoelectric property of the piezoelectric device can
be expected.

The most preferred electrode material is SrRuO; from the
viewpoints of the conductivity of an electrode and the pro-
motion of the crystallization of the piezoelectric material.

The lower electrode 2 and the upper electrode 4 may each
be formed by application or baking by a liquid phase film-
forming method such as a chemical solution deposition
method, or by a vapor phase film-forming method such as
pulse lasering, sputtering, or vapor deposition. In addition,
each of the lower electrode 2 and the upper electrode 4 may be
used after having been patterned into a desired shape.

The piezoelectric material 3 may similarly be used in the
device after having been patterned into a desired shape.

The piezoelectric device of the present invention can be
used in a device such as a piezoelectric sensor, an ultrasonic
vibrator, a piezoelectric actuator, an ink-jet head, a ferroelec-
tric memory, or a capacitor.

Next, a method of producing a piezoelectric device of the
present invention is described.

The method of producing a piezoelectric device according
to the present invention is a method of producing a piezoelec-
tric device having a piezoelectric material on a substrate
provided with electrodes, the method being characterized by
including forming a perovskite-type metal oxide represented
by the following general formula (1):

Bi,(Fe,,Co,)0; (€8]
(In the formula, 0.95=x=<1.25 and 0<y=0.30), and crystalliz-
ing the piezoelectric material at 430° C. or lower under an
excess oxygen atmosphere.

The term “excess oxygen atmosphere” as used in the
present invention refers to an atmosphere having a higher
oxygen concentration than that of an ordinary air atmosphere
such as an atmosphere having an oxygen concentration in a
reactor of 21 vol % or more, or preferably 25 vol % or more.
Crystallization in a state where an oxygen gas is flowed into
the reactor, crystallization in a state where a gas mixed with
oxygen is flowed into the reactor, or the like is suitably appli-
cable to the crystallization under the excess oxygen atmo-
sphere.

The substrate is the same as that in the piezoelectric device
of'the present invention, and a material for the substrate is not
particularly limited. The substrate is most preferably a single
crystal substrate selectively oriented toward a (100) plane or
a (111) plane. The most preferable material for the substrate
1 is a single crystal substrate of strontium titanate.

The use of a single crystal substrate oriented toward a
specific plane exerts a promoting action on the crystallization
of each of a first electrode and the piezoelectric material
provided on the substrate.
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The first electrode is an electrode on a substrate side out of
the pair of electrodes of which the piezoelectric device of the
present invention is formed. In such embodiment as illus-
trated in FIG. 1, the first electrode corresponds to the lower
electrode 2. Similarly, a second electrode corresponds to the
upper electrode 4 in FIG. 1.

A piezoelectric device is produced by stacking the first
electrode, the piezoelectric material, and the second electrode
in the stated order on the substrate. As a result, a piezoelectric
device having good adhesiveness between members can be
produced.

The term “chemical solution deposition method” as used in
the present invention refers to a generic name for film-form-
ing methods each involving applying a precursor solution for
a target metal oxide onto a substrate, and crystallizing the
applied solution under heat to provide the target metal oxide.
In general, film-forming methods called a CSD method, a
sol-gel method, and a metalorganic decomposition method
are included in the term, and are hereinafter generically
referred to as chemical solution deposition methods. The
chemical solution deposition methods are each a film-form-
ing method excellent in precision control of metal composi-
tion.

A precursor solution of a metal oxide applied onto the
substrate contains at least Bi, Fe, and Co. Those metal ele-
ments are incorporated into the precursor solution in the form
of a hydrolyzable or thermally-degradable organometallic
compound. For example, typical examples thereof include
metal complexes of the metals such as a metal alkoxide,
organic acid salt, and f-diketone complex. As the metal com-
plex, in addition to amine complexes, there may be used
various other complexes. Examples of the §-diketone include
acetylacetone (=2,4-pentanedione), heptafluorobutanoylpiv-
aloylmethane, dipivaloylmethane, trifluoroacetylacetone,
and benzoylacetone.

In the method of producing a piezoelectric device of the
present invention, of the organometallic compounds, at least
bismuth 2-ethylhexanoate, tris(acetylacetonato)iron, and tris
(acetylacetonato)cobalt are preferably incorporated into the
precursor solution.

Those organometallic compounds qualify for the produc-
tion of a piezoelectric material at a low temperature because
the compounds are excellent in mutual solubility and the
volatilization temperatures of organic components in the
compounds are low. Accordingly, the use of those organome-
tallic compounds in the precursor solution can provide a
piezoelectric material having a small amount of secondary
phases and excellent in insulation property.

Further, a difference between the total content of Fe and Co
in the precursor solution and the content of Bi in the solution
is preferably 1 mol % or less. That is, the foregoing intends to
make the loading amount of Bi to be positioned at the A site
of the perovskite skeleton and the loading amount of Fe and
Co to be positioned at the B site of the skeleton comparable to
each other. With such procedure, the charge balance of the
piezoelectric material to be finally obtained is established,
and hence the insulation property is improved. In addition, the
procedure has such an action that the arrangement of perovs-
kite-type crystals is promoted and hence the amount of the
secondary phases is reduced. This is attributable to a feature
of the chemical solution deposition method in which the
arrangement of metal atoms in an intermediate state before
crystallization affects the arrangement of the metal atoms
after the crystallization.

The organometallic compounds as precursors for the
respective component metals are collectively dissolved or
dispersed in a proper solvent. Thus, a precursor solution for a
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composite organic metal oxide (oxide containing two or more
metals) of which the piezoelectric material is formed is pre-
pared. In addition, the solvent used in the preparation of the
precursor solution is appropriately selected from various
known solvents in consideration of dispersibility and an
application property.

Examples of the solvent used for preparing the precursor
solution include a toluene-based solvent, an alcohol-based
solvent, an ether-based solvent, a cellosolve-based solvent, an
amide-based solvent, and a nitrile-based solvent. Of those,
the toluene-based solvent is preferably used. The amount of
the solvent contained in the precursor solution of the present
invention is not particularly limited. However, a dense piezo-
electric material is easily obtained when the amount of the
solvent is adjusted so that the concentration of a metal oxide
component converted to the chemical formula represented by
the general formula (1) falls within the range of about 0.5
mol/Kg to 5 mol/Kg.

The precursor solution may contain an additive such as a
stabilizer in addition to the organometallic compound and
solvent. Examples of the stabilizer include p-diketones,
ketone acids, lower alkyl esters of those ketone acids, oxyac-
ids, lower alkyl esters of those oxyacids, oxyketones,
a-amino acids, and alkanolamines.

The precursor solution is applied onto the first electrode. A
known application method such as spin coating, dip coating,
bar coating, or spray coating can be employed as a method of
applying the precursor solution. A relative humidity in this
case is preferably 60% or less. A relative humidity of more
than 60% is not preferred because hydrolysis progresses rap-
idly in the applied raw material solution on the substrate and
hence a precipitate is observed in the applied layer in some
cases.

The number of times of application is determined by a
relationship between a coating thickness and a desired thick-
ness of the piezoelectric material. It should be noted that the
application is performed multiple times in the chemical solu-
tion deposition method of the present invention, and a coating
thickness per layer is preferably 8 nm or more to 30 nm or
less. The microstructure of a metal oxide thin film obtained by
the chemical solution deposition method is largely affected
by the coating thickness per layer. In the present invention,
when the coating thickness is set to fall within the above range
so that the film may be of a stacked structure, the film
becomes dense and uniform. As a result, the uniformization
of crystal phases and an improving effect on the insulation
property can be obtained to an additionally large extent.

The chemical solution deposition method is performed by
multi-layer coating. The term “multi-layer” refers to two or
more layers, or preferably 5 or more to 35 or less layers.

When the application is performed multiple times, a drying
step is more preferably performed during each time period
between application and the next application. Although the
drying step may serve also as the step of crystallizing the
piezoelectric material, the step is preferably performed at a
low temperature involving no crystallization, for example,
300° C. or lower. A dryer, hot plate, tubular furnace, electric
furnace, or the like can be used in the drying step.

The crystallization of the piezoelectric material in the
present invention is performed at a maximum temperature of
430° C. orlowerunder an excess oxygen atmosphere. A lower
limit for the crystallization temperature, which varies
depending on the composition of the piezoelectric material, is
typically 400° C. or higher.

The crystallization of the piezoelectric material at a tem-
perature within the above range can suppress the emergence
of secondary phases that are of non-perovskite-type struc-



US 9,362,482 B2

9

tures and hence have non-piezoelectric properties. In addi-
tion, the crystallization of the piezoelectric material at a tem-
perature within the above range uniformizes the growth of
crystal grains, thereby providing a piezoelectric material hav-
ing a smooth film surface.

In addition, when heating is performed under the excess
oxygen atmosphere, the crystallization of the piezoelectric
material is promoted even in a low temperature region with a
maximum of 430° C. or lower. As described above, the term
“excess oxygen atmosphere” as used in the present invention
refers to an atmosphere having a higher oxygen concentration
than that of an ordinary air atmosphere. For example, the
excess oxygen atmosphere can be obtained by introducing an
oxygen gas supplied from a bomb into an electric furnace
where the crystallization is performed.

An ozone component is more preferably incorporated into
the excess oxygen atmosphere for further promoting the crys-
tallization of the piezoelectric material. The term “ozone
component” includes an ozone gas, an ozone ion, and an
ozone radical. Since the ozone component has higher oxidiz-
ing power than that of oxygen, the ozone component has an
effect in which the amount of the secondary phases of the
piezoelectric material is reduced so that the insulation prop-
erty and piezoelectric property of the piezoelectric device
may be improved. The excess oxygen atmosphere containing
the ozone component can be easily obtained by using the
oxygen gas and a commercially available, industrial ozone
generator or the like.

Atubular furnace, electric furnace, infrared oven, hot plate,
or the like can be used in the crystallizing step. Of those, the
tubular furnace is suitable for the introduction of the excess
oxygen atmosphere.

Hereinafter, the present invention is described more spe-
cifically by way of examples. However, the present invention
is not limited by the following examples.

Production Examples 1 to 4 of Precursor Solution

Mixed solutions having metal molar ratios shown in Table
1 were each prepared as a precursor solution for forming the
piezoelectric material and piezoelectric device of the present
invention.

For preparing the precursor solution, there were mixed a
toluene solution of bismuth 2-ethylhexanoate, a toluene solu-
tion of tris(acetylacetonato)iron, and a toluene solution of
tris(acetylacetonato)cobalt, each having a concentration of
0.2 mol/Kg. The mixed solution was heated and refluxed for
1 hour at 120° C. under a nitrogen atmosphere to promote the
progress of a thermolysis reaction. Toluene was added to the
resultant so that the concentration of the oxides as BFO or
BFCO might be 0.2 mol/Kg, to thereby obtain a precursor
solution.

The precursor solutions of Production Examples 1 to 4
each had a difference between the total concentration of Fe
and Co components and the concentration of Bi of 1 mol % or
less.

Production Examples 5 to 8 of Precursor Solution

Precursor solutions having metal molar ratios shown in
Table 1 were each prepared in the same manner as in Produc-
tion Example 1 for comparison with the present invention.
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TABLE 1
Bi(mol) Fe(mol) Co(mol)
Production Example 1 100 100 0
Production Example 2 100 20 10
Production Example 3 100 80 20
Production Example 4 100 70 30
Production Example 5 100 60 40
Production Example 6 100 0 100
Production Example 7 80 100 0
Production Example 8 130 20 10

Production Examples of Substrate and First
Electrode

A substrate and a first electrode each having a structure
shown in Table 2 were prepared for forming the piezoelectric
device of the present invention. In the table, an SrRuO; elec-
trode is an electrode provided by a pulse laser film-forming
method and having a thickness of about 100 nm, and a Pt
electrode is an electrode provided by a sputtering deposition
method and having a thickness of about 200 nm.

TABLE 2

Substrate First electrode
Substrate A with (100)-oriented, Nb-doped Shared with
electrodes SrTiO; single crystal substrate
Substrate B with (111)-oriented, Nb-doped Shared with
electrodes SrTiO; single crystal substrate
Substrate C with (100)-oriented SrTiO; single (100)-oriented
electrodes crystal SrRuO; film
Substrate D with (111)-oriented SrTiO; single (111)-oriented
electrodes crystal SrRuOj; film
Substrate E with Silicon substrate with SiO, Pt film
electrodes oxide film

Example 1

A perovskite-type metal oxide thin film was formed by a
chemical solution deposition method using the precursor
solution of Production Example 1 shown in Table 1 and the
substrate A with electrodes shown in Table 2.

First, the precursor solution was applied to the surface of
the substrate with a spin coater (3000 rpm). The applied layer
was heat-treated at 250° C. for 5 minutes so that the solvent
might be dried. The heat treatment process was performed
with an electric dryer under an air atmosphere.

Hereinafter, in the same manner as in the foregoing, the
applying step and the drying step were repeated so that second
to twentieth layers might be formed. Finally, the entire sub-
strate having the multiple applied layers was placed in an
infrared-annealing tubular furnace. An oxygen gas was intro-
duced into the tubular furnace at a flow rate of 1 L/min
(corresponding to an oxygen concentration in the furnace of
50 to 80 vol %), and furthermore, a heat treatment was per-
formed at 430° C. for 60 minutes so that the film might be
crystallized. As a result, the piezoelectric material of the
present invention was obtained.

X-ray diffraction measurement (XRD) found that the
piezoelectric material had a rhombohedral perovskite-type
structure selectively oriented toward a (100) plane. The thick-
ness of the piezoelectric material measured with a contact
displacement meter was 250 nm. That is, a coating thickness
per layer is 12.5 nm.

Next, the content of a metal element in the piezoelectric
material was measured by X-ray fluorescence analysis
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(XRF). It was found that, when the total molar amount of iron
and cobalt was normalized to 1, a content ratio “Bi/Fe/Co”
was 1.00/1.00/0.00.

The surface of the piezoelectric material was scanned with
an atomic force microscope (AFM) so that the image of
crystal grains might be obtained. A root mean square rough-
ness Rq corresponding to JIS Standard B0601 calculated
from a height difference in a 2000-nm square image was 1.19
nm.

Examples 2 to 18

The piezoelectric materials of the present invention were
each formed in the same manner as in Example 1 except that
the precursor solution, the substrate with electrodes, the crys-
tallization atmosphere, and the crystallization temperature
were changed. Table 3 shows the production conditions of
each example.

In each of Examples 17 and 18, an ozone-containing oxy-
gen atmosphere was used as the crystallization atmosphere.
The atmosphere was established by introducing an oxygen
gas, which had passed through a commercially available
ozone generator, at a flow rate of 1 L/min into the tubular
furnace. It should be noted that the concentration at which the
ozone generator generated ozone was about 100 g/m>.

XRD showed that those piezoelectric materials each had a
rhombohedral perovskite-type structure. The amount of sec-
ondary phases except the perovskite-type structure was
extremely small. In addition, the shift of a peak position in
XRD confirmed that a BFCO thin film in which y took a
positive value had Co introduced into a perovskite skeleton.

Further, each piezoelectric material was evaluated for its
orientation, thickness measured with a contact displacement
meter, abundance ratio among metal elements determined by
XRF, and root mean square roughness Rq measured with an
AFM. The results are as shown in Table 4.

Comparative Examples 1 to 10

Composite oxide thin films for comparison were formed in
the same manner as in the examples by using the precursor
solutions of Production Examples 1 to 8 shown in Table 1 and
the substrates A, B, and E with electrodes shown in Table 2.

Comparative Examples 1 to 4 were each a film crystallized
under an excess oxygen atmosphere at 600° C., and XRD
showed that the films each had a rhombohedral perovskite-
type structure, though the amount of secondary phases was
large.

Comparative Example 5 was a film crystallized under an
air atmosphere at 430° C. and Comparative Example 6 was a
film crystallized under an excess nitrogen atmosphere at 430°
C. XRD showed that the films each had a larger amount of
secondary phases caused by non-perovskite-type crystals
than those of the films of Comparative Examples 1 to 4
described above, though the films each had a rhombohedral
perovskite-type structure.

Inthe XRD chart of each of Comparative Examples 7 to 10
where the precursor solution was changed, the amount of
secondary phases was so large that it was no longer easy to say
that a perovskite-type structure was dominant. In addition, no
such peak shift that Co was introduced into a perovskite
skeleton was observed in Comparative Examples 7, 8, and 10
in each of which y took a positive value.

The composite oxide thin films of Comparative Examples
1 to 6 which seemed to be such perovskite-type metal oxides
as represented by the general formula (1) were each evaluated
for its orientation, thickness, abundance ratio among metal
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12
elements, and root mean square roughness Rq in the same
manner as in the examples. The results are as shown in Table
4.

TABLE 3
Crystal-
Substrate lization
Precursor with Number of Atmo- temper-
solution electrodes coats  sphere ature
Example Production A 20 layers Oxygen 430° C.
1 Example 1 flow
Example Production A 20 layers Oxygen 430° C.
2 Example 2 flow
Example Production A 20 layers Oxygen 430° C.
3 Example 3 flow
Example Production A 20 layers Oxygen 430° C.
4 Example 4 flow
Example Production B 5 layers Oxygen 420° C.
5 Example 1 flow
Example Production B 5 layers Oxygen 420° C.
Example 2 flow
Example Production B 5 layers Oxygen 420° C.
7 Example 3 flow
Example Production B 5 layers Oxygen 420° C.
8 Example 4 flow
Example Production C 20 layers Oxygen 430° C.
9 Example 1 flow
Example Production C 20 layers Oxygen 430° C.
10 Example 2 flow
Example Production C 20 layers Oxygen 430° C.
11 Example 3 flow
Example Production C 20 layers Oxygen 430° C.
12 Example 4 flow
Example Production D 5 layers Oxygen 410° C.
13 Example 1 flow
Example Production D 30 layers Oxygen 430° C.
14 Example 3 flow
Example Production E 15 layers Oxygen 430° C.
15 Example 1 flow
Example Production E 15 layers Oxygen 430° C.
16 Example 2 flow
Example Production A 20 layers Ozone- 430° C.
17 Example 3 containing
oxygen
Example Production A 20 layers Ozone- 430° C.
18 Example 4 containing
oxygen
Comparative Production A 20 layers Oxygen 600° C.
Example Example 1 flow
1
Comparative Production A 20 layers Oxygen 600° C.
Example Example 2 flow
2
Comparative Production A 20 layers Oxygen 600° C.
Example Example 3 flow
3
Comparative Production A 20 layers Oxygen 600° C.
Example Example 4 flow
4
Comparative Production B 5 layers Air 430° C.
Example Example 1
5
Comparative Production B 5 layers Nitrogen 430° C.
Example Example 3 flow
6
Comparative Production A 20 layers Oxygen 430° C.
Example Example 5 flow
7
Comparative Production A 20 layers Oxygen 430° C.
Example Example 6 flow
8
Comparative Production E 20 layers Oxygen 430° C.
Example Example 7 flow
9
Comparative Production B 20 layers Oxygen 430° C.
Example Example 8 flow
10




US 9,362,482 B2

13
TABLE 4
Thick-

Orien- ness 1-y y  25y+ Rg/

tation (nm) x(Bi) (Fe) (Co) 2 nm
Example 1 (100) 250 .00 1.00 000 200 1.19
Example 2 (100) 300 1.00 090 010 430 196
Example 3 (100) 340 1.00 0.80 020 7.00 6.51
Example 4 (100) 350 1.00 070 030 9350 544
Example 5 111) 70 .00 1.00 000 200 1.72
Example 6 111) 95 1.00 090 010 430 3.15
Example 7 111) 100 1.05 080 020 7.00 511
Example 8 111) 100 1.05 070 030 950 823
Example 9 (100) 240 098 1.00 000 200 130
Example 10 (100) 290 1.00 090 010 430 216
Example 11 (100) 300 1.00 0.80 020 7.00 444
Example 12 (100) 320 1.00 070 030 950  6.58
Example 13 111) 60 1.00 1.00 000 200 1.66
Example 14 111) 550 1.00 0.80 020 7.00 471
Example 15 Random 210 1.10  1.00 000 2.00 1.88
Example 16 Random 230 1.15 090 010 430 399
Example 17 (100) 320 1.00 0.80 020 7.00 324
Example 18 (100) 340 095 070 030 950 391
Comparative Weakly 270 1.00 1.00 0.00 2.00 643
Example 1 (100)
Comparative Random 320 1.03 091 009 425 515
Example 2 13.6
Comparative Random 400 1.02 0.81 019 675
Example 3
Comparative Random 420 1.31 0.75 025 825 103
Example 4
Comparative Weakly 400 093 1.00 0.00 2.00 4.05
Example 5 (111)
Comparative Random 420 1.00 0.80 020 7.00 825
Example 6

Production of Devices from Examples 1 to 4, 9 to
12, and 17

A platinum electrode having a diameter of 120 nm was
provided on the surface of each of the piezoelectric materials
of Examples 1 to 4, 9 to 12, and 17 by a sputtering deposition
method. As a result, the piezoelectric devices of the present
invention were produced.

Production of Devices from Comparative Examples
l1to4

A platinum electrode having a diameter of 120 um was
provided on the surface of each of the composite oxide thin
films of Comparative Examples 1 to 4 by a sputtering depo-
sition method. As a result, devices for comparison were pro-
duced.

Neither of the composite oxide thin films of Comparative
Examples 5 and 6 was turned into a device because each of the
films showed a tester leak.

(Evaluation by Electric Measurement)

Electric measurement was conducted on the piezoelectric
devices of Examples 1 to 4, 9to 12, and 17, and the devices of
Comparative Examples 1 to 4. Each of the devices was mea-
sured for values representing the properties of a piezoelectric
device at room temperature (25° C.), i.e., a leak current, P-E
hysteresis, and a piezoelectric constant. The results thereof
are shown in Table 5.

The leak current was determined by measuring a leak cur-
rent in such a range that an applied voltage per thickness of a
thin film sandwiched between electrodes was 2000 kV/cm,
to thereby record the maximum leak current.

P-E hysteresis measurement was performed for judging
whether or not a device of interest had ferroelectricity and an
insulation property. A material having ferroelectricity has a
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piezoelectric property. In other words, the hysteresis of spon-
taneous polarization when an external electric field with its
intensity changed positive and negative was applied to the
piezoelectric device of the present invention or a device for
comparison was observed. The case where a hysteresis curve
peculiar to a ferroelectrics in which the spontaneous polar-
ization was inverted was observed was marked with o in Table
5. The case where the device of interest was poor in insulation
property and hence no ferroelectricity curve was observed
was marked with x.

A piezoelectric constant was approximately determined
with a laser Doppler velocimeter. In other words, the distor-
tion of a piezoelectric material when an applied voltage per
thickness of a thin film sandwiched between electrodes
ranged from 0to +4000 kV/cm was observed with the veloci-
meter. The piezoelectric constant shown in Table 5 was cal-
culated from a gradient when the distortion curve was linearly
approximated. The case where a device had a low insulation
property and hence the above voltage could not be applied
was marked with x.

TABLE 5
Piezoelectric
Leak current constant d33
(Alem2) Ferroelectricity (pm/V)

Example 1 9.3%x10 -5 o 36
Example 2 1.9%x10 -4 o 49
Example 3 28x 10 -4 o 51
Example 4 3.1x10 -4 o 53
Example 9 4.0x 10 =5 o 35
Example 10 5.1x10-5 o 52
Example 11 1.1x10 -4 o 70
Example 12 14x10 -4 o 72
Example 17 9.5%x 10 -5 o 63
Comparative 8.0 x 10 -1 X X
Example 1

Comparative 2.7x10°-0 X X
Example 2

Comparative 4.1 % 10 =0 X X
Example 3

Comparative 4.0 % 10 =0 X X
Example 4

According to Table 5, the piezoelectric devices of the
present invention were each excellent in insulation property,
and each showed ferroelectricity and a piezoelectric property
in a room temperature region while the devices for compari-
son were each poor in insulation property, and hence a ferro-
electric property and a piezoelectric constant could not be
observed in the room temperature region. It should be noted
that, in the P-E hysteresis measurement at —190° C. where a
leak current was artificially suppressed, the devices of Com-
parative Examples 1 and 2 each showed a ferroelectricity
curve as in the case of the piezoelectric devices of all
examples.

FIG. 2 illustrates P-E hysteresis curves when a maximum
electric field of £1000 kV/cm was applied to the piezoelectric
devices of Examples 9 to 12. FIG. 2 and the results of Table 5
show that the piezoelectric device of the present invention has
an excellent piezoelectric property and an excellent ferroelec-
tric property when y is 0.1 or more.

According to the present invention, there can be provided a
piezoelectric material whose insulation property is improved
while its performance as a piezoelectric body is not impaired.
The piezoelectric material of the present invention is also
applicable to an MEMS technique and is clean to the envi-
ronment. Therefore, the piezoelectric material of the present
invention can be used for appliances using many ferroelectric
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materials and piezoelectric materials, such as a ferroelectric
memory, a thin film piezo-type ink jet head, and an ultrasonic
motor without difficulty.

While the present invention has been described with refer-
ence to exemplary embodiments, it is to be understood that
the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.

What is claimed is:

1. A method of producing a piezoelectric device compris-
ing a substrate bearing a piezoelectric material and a pair of
electrodes provided to contact the piezoelectric material, the
method comprising:

subjecting a raw material comprising Bi, Fe and Co to a

heat treatment at 430° C. or lower under an atmosphere
comprising at least 25 vol % oxygen to obtain a piezo-
electric material formed of a perovskite-type metal
oxide represented by formula (1):

Bi,(Fe;,Co,)O3

where 0.95=x=<1.25 and 0.10=<y=<0.30.

2. The method of producing a piezoelectric device accord-
ing to claim 1, wherein the piezoelectric material is formed by
a chemical solution deposition method.

3. The method of producing a piezoelectric device accord-
ing to claim 1, wherein the atmosphere comprises ozone.
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4. The method of producing a piezoelectric device accord-
ing to claim 2, wherein the chemical solution deposition
method is performed by multi-layer coating at a coating
thickness per layer of from 8 nm to 30 nm.

5. The method of producing a piezoelectric device accord-
ing to claim 1, wherein the substrate comprises a single crys-
tal substrate oriented toward one of'a (100) plane and a (111)
plane.

6. The method of producing a piezoelectric device accord-
ing to claim 2, wherein a precursor solution used in the
chemical solution deposition method comprises bismuth
2-ethylhexanoate, tris(acetylacetonato)iron, and tris(acety-
lacetonato)cobalt.

7. The method of producing a piezoelectric device accord-
ing to claim 6, wherein a difference between a total content of
Fe and Co in the precursor solution and a content of Bi in the
solution is 1 mol % or less.

8. The method of producing a piezoelectric device accord-
ing to claim 1, wherein the electrodes each comprise either (i)
M1RuO; where M1 represents at least one member selected
from the group consisting of Sr, Ba, and Ca or (ii) Sr,_,
M2,CoO; where M2 represents at least one member selected
from the group consisting of La, Pr, Sm, and Nd, and z
satisfies a relationship of 0=z<1.
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